Solar cells
If the energy needs of our rapidly growing population continue to expand at the current pace, a significantly larger fraction of our energy supply will need to be sourced from renewable sources in the very near future 1 . The projected energy shortage by 2050 is often referred to as the "terawatt" challenge 2 . In comparison to any other energy sources currently available, the sun delivers a continuous energy current of around 1.7×10 17 W (1.5×10 18 kWh/year), which exceeds approximately by four orders of magnitude the current annual global energy consumption (10 14 KWh/year) 3 . Due to this simple fact and an increasing public concern about green house gas emission and its impact on climate, research into solar cells that efficiently convert the sun's energy into electricity has accelerated. Completely new solar cell architectures have been discovered that use organic materials (polymers and pigments) that were more conventionally used as, for example, passive insulating materials in electronics, fillers or pigments in paints. These innovations would not have been possible without the development of various nanofabrication and characterization tools.
The two most efficient organic photovoltaic architectures to date are the polymer bulk heterojunction solar cells (BHSC) 4 and the dyesensitized solar cells (DSSC) 5 . These are schematically displayed in Materials take on exceptional properties as we enter the nanodomain and Electromaterials: those that transport and/or transfer charge are no exception. As such the ability to impart nanostructure to electrodes is having a dramatic effect on areas such as energy conversion and storage. 7 , PPV) leads to exciton migration to the interface with the acceptor where charge injection into an unoccupied molecular orbital of the acceptor (typically a solubilised fullerene molecule, PCBM) occurs. Since the typical exciton diffusion length for singlet excited states is around 5-10 nm 8 , the maximum domain size of the electron donor is limited to around 20 nm. This can only be achieved by a fine control over the nanostructure of the donor/acceptor phaseseparated interpenetrating network. However, this presents another challenge: a large surface area where the electron and hole conducting phases are in intimate contact, increasing the chance of recombination.
In DSSCs, a strongly light absorbing pigment, for example, ruthenium complexes 9 or porphyrins 10 , is chemically attached to an inorganic wide band gap semiconductor such as TiO 2 11 . Charge separation occurs by photoinduced electron injection from the dye excited state into the conduction band of the oxide. Since the absorption cross-section of a dye molecule is much smaller than the area occupied on the semiconductor surface, a large surface area (mesoscopic or nanoporous) electrode is required. In the most efficient DSSCs, surface roughness (internal surface area projected to the geometric surface area) of 1000 has been realized 12 . This ensures that nearly all photons incident on the sample in the absorption range of the dye are absorbed. The photooxidised dye is reduced by a redox mediator which is then regenerated on a catalytically active counter electrode.
The use of a nanostructured inorganic oxide electrode ensures a large internal surface area and this is critical in achieving efficient light harvesting (DSSC) and charge separation (BHSC).
Bulk heterojunction solar cells
The first bulk heterojunction solar cells were prepared by a simple mixing of the donor/acceptor components in a common solvent, followed by deposition on the conductive transparent glass by spin coating 7 , providing little control over the phase separated morphology 13 .
Treatment of the deposited material using procedures such as heating/ electric bias 6 and solvent vapor treatment 14 have all been shown to modify the nanostructure leading to better performance and/or stability. More recently, intelligent molecular design of the donor/ acceptor constituents achieved well-defined, tunable and reproducible morphologies. Some recent design concepts are displayed in Fig. 2 . to form well-defined, nanosized supramolecular structures 17 . The phase separation, and therefore diffusion length of excitons, can be controlled by the block size.
acceptors (so called "double-cables") were synthesized 18 . It is envisaged that after charge separation the positive charge travels along the conjugated polymer backbone and the electrons travel by "hopping" transport between adjacent acceptor moieties 19 . Caruso et al. 21 have prepared submicron sized TiO 2 nanobeads (830 ± 40 nm) with surface areas up to 108 m 2 .g −1 and tunable pore sizes using a combination of sol-gel and solvothermal synthetic methods. The increased surface area has resulted in an increased dye uptake and consequently, light harvesting efficiency. An efficiency improvement in the order of 25% was demonstrated when compared to photoanodes prepared using commercially available P25 TiO 2 (Degussa-Huls).
Dye-sensitized solar cells
In contrast to electron transport in a network of interconnected, randomly oriented TiO 2 nanoparticles, nanotubes 22, 23 and nanowires 24 may provide improved electron transport due to less grain boundaries and fewer electron traps. In particular, aligned nanotubes 25 that span across the entire length of the photoanode (10-15 μm) providing the shortest route for electron collection is thought to be beneficial.
Kuang et al. 25 for ZnO/SnO 2 core-shell structures). It was proposed that the sub-nm (0.1 nm to 0.59 nm) coatings are sufficiently thin to achieve efficient electron injection by tunneling through the insulating barrier layer, yet provide insulation of the surface to suppress electron recombination.
Atomic layer deposition 28 (ALD) appears to be a method of great benefit to achieve precisely controlled, conformal, uniform nanoscale coatings. For example, Law et al. 24 have demonstrated that the thickness of the Al 2 O 3 or TiO 2 shell on ZnO nanowire arrays can be controlled simply by the number of ALD cycles applied. A clear correlation between the number of ALD layers and the DSSC performance has been demonstrated. In case of Al 2 O 3 /ZnO structure, a blocking of both recombination current and electron injection has been found, the latter dominating the response resulting in lower overall power conversion efficiency. The TiO 2 /ZnO structure, on the other hand, proved to be superior to the uncoated ZnO nanowire cell increasing the efficiency from around 0.5% to 2.2%. This was explained by the combined effect of surface passivation and a build-up of an energy barrier that prevents electron back reactions. It was also found that higher crystallinity of the TiO 2 shells provided better injection and therefore the performance of crystalline shells were clearly better than the amorphous ones. Finally, the above described core-shell approach has opened up completely new and exciting opportunities for multi-dye DSSCs.
Choi et al. 29 have reported an impressive 8.65% DSSC using a stepwise co-sensitization method in which two organic dyes, complementary in their light absorption, were adsorbed onto TiO 2 separated by a thin Al 2 O 3 barrier. First, the TiO 2 films were immersed into a dye absorbing the blue part of the spectrum. The Al 2 O 3 intermediate layers were prepared by dipping of the dyed films into a solution of aluminum 2-propoxide in 2-propanol. After drying, the films were immersed into a dye solution absorbing photons from the red part of the spectrum.
The co-sensitized films outperformed both single dye DSSCs clearly demonstrating the huge potential of this approach.
PEM fuel cells
Recently, proton exchange membrane (PEM) fuel cells (Fig. 3) have received increasing attention as they are recognized as a promising potential future power source, in particular for mobile applications. 
Nanostructured catalysts
Various protocols enabling the synthesis of different Pt nanostructures, such as nanoparticles, nanosphere, and nanowires, have been developed to reduce the size of Pt catalysts in order to maximize the specific surface area of platinum [33] [34] [35] . The activity of the catalysts depends significantly on how well they are distributed over the carbon support. This distribution can be controlled by the mode of synthesis employed, e.g. controlled electrochemical pulse deposition (Fig. 4) .
Recently, nanostructured platinum alloys have been suggested as alternative catalysts to pure Pt for PEM fuel cells. These materials have a high catalytic activity and improved stability in the fuel cell environment 36 . The use of these Pt-alloy catalysts, including Pt-Ru, Pt-Fe, Pt-Pb, and Pt-Sn, not only reduce the cost but also improve the performance, by mitigating against CO poisoning, lowering the overpotential, and suppressing Pt dissolution [37] [38] [39] [40] [41] [42] . Xing et al. 39 have demonstrated that alloys with a higher Ru content (15 wt %) give a higher and more durable electrocatalytic activity (78 mW/cm 2 ) for methanol oxidation compared to that of lower Ru content alloys (56 mW/cm 2 for 10 wt %) at 80° C.
Nanostructured carbon supports
The most widely used catalytic support is activated carbon (e.g. carbon black -Vulcan XC 72R). However, the development of more efficient supports is required to prevent detachment and/or aggregation of the Pt catalyst 43, 44 .
The use of mesoporous carbon (MC), a nanostructured porous material, has proven extremely useful; in contrast to activated carbon black, MC has a large specific surface area with 3D interconnected mesopores, which improves the dispersion of the metal catalysts.
Mesoporous carbon electrodes with nanostructured electrocatalysts
have exhibited excellent performance in PEM fuel cells [45] [46] [47] .
Fig. 3 The schematic of a proton exchange membrane fuel cell showing H + ions transfer through proton exchange membrane (PEM) and electrons flow around the external circuit from anode to cathode.

Fig. 4 SEM image of Pt nanoparticles deposited on carbon fibre via controlled electrochemical deposition process.
Fig. 5 SEM images of (a) the aligned carbon nanotubes (ACNTs) grown on quartz, (b) the free-standing ACNTs membrane electrode with conductive support.
The other primary carbon-based support material is carbon nanotubes (CNTs) 48, 49 , which provide a high electrical conductivity and a specific interaction between catalytic metals and the support (i.e. the delocalized π electrons of CNTs and Pt d-electrons), resulting in a higher catalytic activity. The enhancement in performance obtained using nanostructured CNT supports has been widely observed 50, 51 . There are a few approaches that have been developed to achieve high nano-Pt loading on the CNTs [52] [53] [54] [55] . The simplest and most widely used approach is the use of in situ growth methods.
Zheng et al. 56 reported a one-step in situ method to disperse Pt nanoparticles on CNTs, using H 2 PtCl 6 as a Pt source, ethylene glycol as a reducing agent, and dimethyl formamide (DMF) as a solvent. The resulting Pt/MWNT composites showed a mass specific current density (for methanol oxidation) of 160 mA/mg, which is significantly higher than that of the commercial catalyst E-TEK (82 mA/mg).
The preparation of free-standing conductive CNT-based electrodes is possible 57, 58 . For example, we developed a novel preparation procedure to produce a free-standing aligned CNT (ACNT) membrane electrode ( Other non-carbon catalyst supports (metal oxides) have been used in PEM fuel cell. For example, nanostructured titanium dioxide (TiO 2 ) 64 electrodes display high stability when used in a PEM fuel cell as the cathode in acidic environments. Kamat et al. 65 found that the use of nanostructured TiO 2 as a substrate improves the performance of Pt-Ru catalysts for methanol oxidation. Recently, Song et al. 66, 67 demonstrated that the use of TiO 2 nanotube supports for Pt/C enhances the catalytic activity and mitigates against electrode poisoning by CO during methanol oxidation.
A recent exciting development is the cathode based on an intrinsically conductive polymer PEDOT which has been shown to have electrocatalytic activity for oxygen reduction at least matching Pt when a thin layer is deposited onto a porous, breathable polymer substrate such as Goretex 68 . This electrode was shown to be stable to CO poisoning and does not suffer from particle agglomeration.
Undoubtedly the nanostructured surfaces encountered at the PEDOT -Goretex interface contributes to this perfomance.
Nanostructured electrodes for energy storage Lithium-ion batteries
Commercial Lithium ion batteries have emerged in last decade as one of the great success stories of materials electrochemistry.
They can provide high energy density coupled with long cycle life 69 .
On charging, Li + deintercalates from the cathode material and intercalates into the anode (Fig. 7) . Discharge of the battery reverses this process.
The use of nanostructured electrodes in lithium ion batteries (for example, using mesoporous β-MnO2) allows reversible lithium intercalation and deintercalation without destruction of the rutile structure. The use of nanostructures also increases the rate of lithium insertion/removal due to the short lithium ion transport path, enhances electron transport, increases the contact area with the electrolyte and provides an ability to deal with volume changes associated with intercalation 70 . is reduced even further 77 The use of carbon nanotubes for supercapacitor electrodes provides a network of mesopores formed by nanotube entanglement.
This provides an easily accessible electrode-electrolyte interface 88 .
Improved capacity can be achieved by creating a nanocomposite with conducting polymers 89 .
Carbon-nanotube aerogel electrodes exhibit remarkable supercapacitor performance, with a specific capacitance of 524 F.g −1 compared with a capacitance of 320 F.g −1 for activated carbon. This capacitor performance can be attributed to the high specific surface area of the aerogel electrodes 90 .
Hydrous ruthenium oxide is a most promising electrode material due to the ultrahigh pseudocapacitance and the excellent cycle stability attainable. In an aqueous H 2 SO 4 electrolyte a specific capacitance of 720 F.g −1 was achieved 91 . The use of a 3D, arrayed, nanotubular architecture based on hydrous ruthenium oxide exhibited a very high specific power and energy density of 4320 kW.kg −1 and 7.5 Wh.kg −1 respectively 92 . However, ruthenium oxide is very expensive and so the use of other nanostructured materials, iron oxide, manganese oxide and nickel oxide has attracted attention. Highly porous nanostructured iron oxide films exhibited a specific capacitance of 173 F.g −1 at 3 A.g −1 charge/discharge 93 . The large pores (randomly distributed nanosheets) within the iron oxide are large enough to maintain the high rate charging/discharging.
The specific capacitance of CNT electrodes are remarkably enhanced with a thin layer of conducting polymer coating due to the contribution of the pseudo-faradaic properties from polymer 94 .
Nanostructured conducting polymers may be prepared using either template-assisted or non template-assisted methods 95 . For example, templates with cyclindrical pores of uniform diameter have been used and nanofibril or nanotubule conducting polymers deposited within the pores 96 . PEDOT-nanotube-based supercapacitors can achieve a high power density of 25 kW.kg −1 . This is attributed to the fast charge/discharge of nanotubular structures: hollow nanotubes allow counterions to readily penetrate into the polymer and access the internal surface, while the thin wall provides a short diffusion distance to facilitate ion transport 97 . Large arrays of oriented PANi nanowires exhibited capacitance values several times higher than bulk polymer 98 .
Conclusions and future developments
Energy conversion and storage are areas of research foremost in the minds of the scientific and general communities. It is critical that we continue to develop alternative energy conversion strategies and device more efficient energy storage and recovery systems.
The advent of nanotechnology and the materials synthesis and characterisation tools that have emerged under this umbrella place us in an exciting era.
There is no doubt that as our ability to assemble more efficient, more robust nanostructured electrodes with predetermined compositions, continues to improve so also will the performance of the energy conversion and storage systems that utilise these compounds. 
